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ABSTRACT
We present observations obtained with the AAT’s 2dF wide field spectrograph AAOmega of
K-type stars located within a region of the sky which contains the Virgo Over-Density and the
leading arm of the Sagittarius Stream. On the basis of the resulting velocity histogram we isolate
halo substructures in these overlapping regions including Sagittarius and previously discovered
Virgo groups. Through comparisons with N -body models of the Galaxy-Sagittarius interaction,
we find a tri-axial dark matter halo is favoured and we exclude a prolate shape. This result is
contradictory with other observations along the Sagittarius leading arm, which typically favour
prolate models. We have also uncovered K-giant members of Sagittarius that are notably more
metal poor (〈[Fe/H]〉 = −1.7 ± 0.3 dex) than previous studies. This suggests a significantly
wider metallicity distribution exists in the Sagittarius Stream than formerly considered. We also
present data on five carbon stars which were discovered in our sample.
Subject headings: Galaxy: halo, structure — Individual: Sagittarius, Virgo Stellar Stream — Stars:
carbon, K-giants
1. Introduction
The proportion of substructure recently uncov-
ered in the Galaxy has highlighted the crucial in-
volvement accretion has played in the formation
of the Milky Way (see Helmi 2008, and references
therein). Properties of these stellar structures al-
low us to probe the formation mechanisms and his-
tory of the Galaxy. Recent studies (Carollo et al.
2007, 2010) have suggested multiple evolutionary
paths are required for galaxy formation to rec-
oncile observational evidence, although this is a
subject of ongoing debate (Scho¨nrich et al. 2011).
Regardless, the dissipation-less merging paradigm
is widely accepted and consistent with favoured
Cold Dark Matter (ΛCDM) cosmology models.
Through the examination of ongoing accretion
events in the Milky Way and fossils from previous
mergers we can trace the evolution of the outer
most regions of the Galaxy (e.g., Helmi & White
2001).
Accretion is at least partly (e.g., Starkenburg et al.
2009), if not entirely responsible for the formation
of the stellar halo. Bell et al. (2008) compared
Sloan Digital Sky Survey (York et al. 2000, here-
after SDSS) data to galaxy formation simulations
using different dark halos and found that obser-
vations are consistent with the stellar halo being
entirely formed by hierarchical merging of accreted
satellites (see also Xue et al. (2011)).
Unquestionably the most prominent ongoing
accretion event within the Milky Way is that of
the Sagittarius (Sgr) dwarf Spheroidal (dSph)
galaxy. Originally discovered by Ibata et al.
(1994) as a co-moving group of K- and M-type
giants, the tidal tails of Sgr circle our Galaxy.
As such they have been extensively traced with
red-clump stars (Majewski et al. 1999), carbon
stars (Totten & Irwin 1998; Ibata et al. 2001),
RR Lyrae stars (Ivezic´ et al. 2000; Vivas et al.
2005; Keller et al. 2008; Watkins et al. 2009;
Prior et al. 2009a), A-type stars (Newberg et al.
2003), BHB stars (Ruhland et al. 2011) and K/M-
giants (Majewski et al. 2003; Yanny et al. 2009;
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Keller et al. 2010). Tracers originating from
the host system can be unequivocally identified
with spatial and kinematical information because
they remain dynamically cold, and are identifi-
able as kinematic substructures long after they
are stripped from their progenitor (for example
Ibata & Lewis 1998; Helmi & White 1999).
Stellar tracers within these tidal tails are
kinematically sensitive to the galactic potential.
This has led various groups to model the Sgr
interaction with different dark matter profiles.
Mart´ınez-Delgado et al. (2004) traced the North-
ern leading arm and found a near spherical or
oblate (q ≈ 0.85) dark matter halo best repre-
sented the observed debris, coinciding with the
findings of Ibata et al. (2001). In contrast, Helmi
(2004) found evidence in the Sgr leading debris
that most favoured a prolate (q = 1.25) halo.
Vivas et al. (2005) found that either a prolate or
spherical model of Helmi (2004) would fit their RR
Lyrae observations, rather than those of an oblate
model. Johnston et al. (2005) later pointed out
that no prolate model can reproduce the orbital
pole precession of the Sgr debris but an oblate po-
tential could. Law et al. (2005, hereafter LJM05)
performed simulations using data of the Sgr de-
bris from the 2-Micron All Sky Survey (2MASS)
catalogue and found that the kinematics of lead-
ing debris was best fit by prolate halos, whereas
the trailing debris typically favoured oblate halos.
Prior et al. (2009b) reached a similar conclusion.
Belokurov et al. (2006) found an apparent bi-
furcation within the Sgr debris which Fellhauer et al.
(2006) argued can only result from a dark halo
having a near spherical shape. Law et al. (2009)
introduced a tri-axial model with a varying flatten-
ing profile q, which replicates the orbital preces-
sion seen and matches kinematic observations of
the Sgr debris. However Law & Majewski (2010)
(hereafter LM10) concede this may be a purely nu-
merical solution as tri-axial halos are dynamically
unstable. They emphasize that more kinematic
measurements in other regions of the Sgr stream
are required.
After the Sgr stellar stream, the Virgo Over-
Density (VOD) is arguably the next most signif-
icant substructure within our Galaxy. The first
over-density in the vicinity of the VOD was ob-
served as a group of RR Lyrae stars by the QUEST
survey (Vivas et al. 2001). The collaboration later
named this the “12.h4 clump” (Zinn et al. 2004).
The broad nature of the VOD was later uncov-
ered from the SDSS catalogue as a diffuse over-
density of main-sequence turnoff stars centered at
r⊙ ∼ 18 kpc (which Newberg et al. 2002, dubbed
as S297+63-20.5). The nomenclature on the sub-
structure names within this region is varied, how-
ever in this paper when referring to the VOD
we are discussing the spatial over-density of stars
within the region, separate from any detected co-
moving groups.
The difficulty arises in accurately distinguishing
the VOD as there are multiple substructures along
this line-of-sight. Duffau et al. (2006) took obser-
vations of BHB and RR Lyrae within the “12.h4
clump” and found a common velocity of VGSR =
99.8 km s−1 with σv = 17.3 km s
−1. It should
be noted that the dispersion in kinematics mea-
sured by Duffau et al. (2006) is essentially their
velocity precision, so the substructure may pos-
sess a much smaller kinematic dispersion. This co-
moving group was coined the Virgo Stellar Stream
(VSS) to differentiate it from the broad spatial
over-density. This distinction from the VOD was
somewhat strengthened with new distance mea-
surements which placed the VOD centroid at r⊙ =
16 kpc (Juric´ et al. 2008; Keller 2010), and the
VSS 3 kpc further away (Duffau et al. 2006). Al-
though, when considered in the light of systematic
and observational uncertainties, this is of marginal
significance. Additionally, Juric´ et al. (2008) sug-
gests the VOD may extend between r⊙ = 6 to
20 kpc, which further complicates the matter of
distance separation.
The relationship between the VSS and the
S297+63-20.5 over-density is still unclear. Newberg et al.
(2007) found a kinematic signature at VGSR =
130±10 km s−1 for members of the VOD/S297+63-
20.5, which is extremely close to the VSS peak.
The VSS and S297+63-20.5 are co-incident in
space, but their velocity difference has not yet
been reconciled. The distance measurements
between S297+63-20.5 and the VSS are similar
enough (∼ 1 kpc) within probable distance uncer-
tainties for Newberg et al. (2007) and Prior et al.
(2009b) to infer they are part of the same struc-
ture. Newberg et al. (2007) estimate a distance to
S297+63-20.5 of r⊙ = 18 kpc from g0 = 20.5
turnoff stars, but they concede the structure
is likely dispersed along the line-of-sight as the
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Color-Magnitude Diagram (CMD) for this region
does not demonstrate a tight sequence. Cer-
tainly this region of sky, aptly coined the ’Field
of Streams’ by Belokurov et al. (2006), is complex
territory.
Photometric studies are inadequate to fully un-
tangle this region. Kinematics are essential to
identify co-moving groups that are distinct from
the general halo field. Chemical information is vi-
tal to accurately distinguish these substructures
and understand their origins. However, very few
studies have directly investigated metallicities for
these stars. In this paper we present spectroscopic
observations of K-giants in this region. Sgr stream
kinematics are used to probe the shape of the dark
matter halo in the Galaxy. We report both the ve-
locities and metallicities of these giants in an effort
to help untangle this accretion-dominated region.
Target selection methodology is outlined in the
next section which is followed with details regard-
ing the observations. Techniques used to separate
K-giants from dwarfs are discussed in §4, and our
analysis procedure for kinematics (§5) and metal-
licities (§6) follows. A discussion of substructures
is outlined in §7, and in §8 we report the carbon
stars discovered in our sample. In §9 we conclude
with some final remarks and critical interpreta-
tions.
2. Target Selection
When the presence of a stellar substructure is
uncovered, K-giants provide excellent candidates
for spectroscopic follow-up. They allow for pre-
cise radial velocities and chemical abundances.
In order to specifically target K-giants we have
chosen candidates within the color selection box
shown in Figure 1, taken from the SDSS DR7 cata-
logue. This selection box favors a metal-poor pop-
ulation at Sgr stream-like distances (∼ 40 kpc)
but will also contain similarly metal-poor stars
at VOD/VSS distances (∼ 20 kpc) without be-
ing significantly biased. Field dwarfs are expected
to contaminate the sample due to their similarity
in colors. Although K-dwarfs are difficult to dis-
tinguish photometrically we can spectroscopically
separate these through the equivalent width (EW)
of the gravity-sensitive Mg I triplet lines at 5167.3,
5172.7, and 5183.6 A˚ (see §4).
Fig. 1.— CMD of our observed regions from
SDSS DR7, overlaid with the color selection cri-
terion used to target K-giants. Appropriate Dart-
mouth isochrones (Dotter et al. 2008) are shown
for Sgr debris at a distance of r⊙ = 40 kpc
(Belokurov et al. 2006)
3. Observations
Our targets were observed over two runs using
AAOmega on the 3.9-m Anglo-Australian Tele-
scope at Siding Springs Observatory in New South
Wales, Australia. AAOmega is a double-beam,
multi-object (392) fibre-fed spectrograph cover-
ing a two degree field of view. The targets were
observed in normal visitor mode in April 2009.
Throughout all observations, sufficient sky fibres
(∼ 30) were allocated to ensure optimal sky sub-
traction. In total 3,453 science targets were ob-
served across 4 fields within the VOD/Sgr region,
as outlined in Table 1. Multiple configurations
were observed for most fields to permit measure-
ments of bright (i < 16) and faint (i > 16) stars,
as well as repeat observations on a subset of stars.
The beam was split into the red and blue arms
using the 5700 A˚ dichroic. The 580V grating in
the blue arm yields spectra between 370-580 nm,
with a resolution of R = 1300. In the red arm we
used the 1000I grating (R = 4400) which spans
the spectral range from 800-950 nm. This cover-
age includes the Ca II NIR Triplet (CaT), which is
used for radial velocities and metallicities. Science
targets on each configuration were limited to 1.5
magnitudes in range to minimise scattered-light
cross talk between fibres. Globular clusters NGC
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Table 1
Observed fields
Field α-center δ-center Field
(J2000.0) (J2000.0) Configurations
A 12 00 00 +00 00 00 1
B 12 20 00 −01 00 00 2
C 12 40 00 −02 00 00 3
D 12 56 00 −02 42 00 6
5024, 5053 and 5904 were observed as radial ve-
locity and metallicity standards.
The data was reduced using the 2DFDR1
pipeline. After being flat-fielded, the fibres were
throughput calibrated and the sky spectrum was
subtracted using the median flux of the dedicated
sky fibres. Wavelength calibration was achieved
from arc lamp exposures taken between each set
of science fields. Multiple object frames were com-
bined to assist with cosmic ray removal.
4. Dwarf / Giant separation
When discussing our data with respect to stellar
streams and substructures within the halo, we are
referring only to K-type giants. Dwarfs that fall
within our apparent magnitude limit are not suf-
ficiently distant to probe halo substructures. Our
resolution is adequate such that the Mg I triplet
lines can be individually measured and used to
discriminate against dwarfs.
A grid of synthetic spectra has been generated
to quantitively establish a suitable giant/dwarf
separation criterion. The grid was generated using
Castelli & Kurucz (2004) model atmospheres with
MOOG2 and the line list of Kurucz & Bell (1995).
Spectra were also generated using stellar param-
eters for the Sun and Arcturus. The strength of
the Mg I lines were tuned to match both the So-
lar and Arcturus atlases of Hinkle et al. (2003).
Girardi et al. (2004) isochrones have been used to
translate our de-reddened g − i color range to ef-
fective temperature. Reddening is accounted for
using the Schlafly & Finkbeiner (2011) corrected
dust maps of Schlegel et al. (1998) assuming a
Fitzpatrick (1999) dust profile where RV = 3.1.
The corresponding effective temperature region
1http://www.aao.gov.au/AAO/2df/aaomega
2http://www.as.utexas.edu/∼chris/moog.html
ranges from 3900 to 5200 K, and is stepped at 25 K
intervals. We have assumed typical K-type surface
gravities of log g = 2 for giants and log g = 4.5 for
dwarfs. Metallicities of [Fe/H] = −0.5, −1.5, and
−2.5 were considered for both surface gravities.
All synthetic spectra was mapped onto the
same wavelength intervals before the flux was con-
volved with a Gaussian kernel of 3.03 A˚ to match
our 580V observations. Mg I line strengths for
our observations and synthetic spectra are shown
against g − i in Figure 2. As expected, there
is an overlap of Mg I strengths between metal-
rich “giants” (log g = 2) and metal-poor “dwarfs”
(log g = 4.5). However we do not expect metal-
poor dwarfs to be a principle contaminant due to
their intrinsically low luminosities and compara-
tive rarity.
Fig. 2.— The sum of the Mg I triplet EWs for
observations and synthetic spectra shown against
the Sloan g − i color. Synthetic spectra are shown
for log g = 2 (▽) and log g = 4.5 (△), and points
are colored by metallicity. Our dwarf/giant sepa-
ration line is shown (solid).
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Using our synthetic grid, we have varied the
slope and offset of our separation line to assess the
effectiveness in differentiating giants from dwarfs.
A linear rule has been adopted to differentiate
the populations and maximise giant recoverabil-
ity with minimal contamination. Using the rule,
EWMg I < 3(g − i)o + 0.5 (1)
we identify 185 giants in our observed fields. An
analysis of our 185 giant candidates revealed three
stars with high proper motions (PPMXL Catalog
Roeser et al. 2010), all of which lay close to our
dwarf/giant separation line. This suggests they
are dwarfs, and they have been excluded. Some
possible giant targets were also discarded due to
insufficient S/N, or because the Mg I triplet fell
on bad columns of the detector. All efforts were
made to minimise these losses. The distilled gi-
ant sample size is 178 stars. All identified K-giant
stars in our distilled sample had no proper motion
detectable above measurement errors.
5. Radial Velocities
The Ca II triplet absorption lines at 8498.0,
8542.1 and 8662.1 A˚ have been used to measure
radial velocities. These lines are strong, and eas-
ily identifiable in Red Giant Branch (RGB) stars
even at low resolution. Observed spectra have
been cross-correlated with a synthetic spectrum
of a typical K-giant (Teff = 4500 K, log g = 2,
[Fe/H] = −1.5) to measure radial velocities. He-
liocentric corrections were also applied. Radial ve-
locity measurements made of the standard stars in
our globular clusters agree (within 3 km s−1) with
the catalogue of Harris (1996) (2011 edition). Fur-
ther, a number of our targets were observed on
multiple fields, which allows us to calculate the
internal measurement error. The differences be-
tween multiple measurements of the same target
were calculated and they form a half-normal dis-
tribution with a HWHM = 3.58 km s−1.
In order to compare our kinematic results in
a homogenous manner, we have translated our
heliocentric velocities to a galactocentric frame.
We have adopted the circular velocity of the Lo-
cal Standard of Rest (LSR) at the Sun as 220
km s−1 (Kerr & Lynden-Bell 1986) and accounted
for the Sun’s peculiar velocity to the LSR by
using 16.5 km s−1 towards l = 53◦, b = 25◦
(Mihalas & Binney 1981). The corrected line-of-
sight velocity is then given by,
VGSR = VOBS + 220 sin l cos b+ 16.5 (2)
×[sin b sin 25 + cos b cos 25 cos (l − 53)]
where VOBS is the heliocentric-corrected observed
line-of-sight velocity. A caveat to this reference
transformation is that other authors in the litera-
ture have used slightly different formulae to trans-
pose their kinematics to a galactocentric frame.
This will result in possible systematic shifts in ve-
locities between authors of up to ∼ 11 km s−1.
6. Metallicities
We have measured metallicities for our gi-
ants using the strength of the Ca triplet lines.
This technique was originally empirically de-
scribed for individual stars in globular clus-
ters (Armandroff & Da Costa 1991). A spectro-
scopic analysis using VLT/FLAMES observations
of RGB stars from composite populations led
Battaglia et al. (2008) to conclude that a cali-
brated CaT-[Fe/H] relationship can be confidently
used in composite stellar populations (see also
Rutledge et al. 1997; Starkenburg et al. 2010).
The caveat to this technique is that a luminosity
(specifically V − VHB) is required for calibration,
and we have to assume a VHB luminosity here.
Johnson V-band magnitudes for our giants were
calculated from SDSS ugriz photometry using
Jester et al. (2005) transformations. The weaker
third Ca triplet line is more susceptible to noise
and residual sky-line contamination (Tolstoy et al.
2001; Battaglia et al. 2008). Consequently, only
the strongest two CaT lines (8542 and 8662A˚)
have been used to form a reduced EW (W’) such
that,
∑
W = EW8542 + EW8662 (3)
W ′ =
∑
W + 0.64 (±0.02) (V − VHB)(4)
and the metallicity linearly varies with W’ where,
[Fe/H]CaT = (−2.81±0.16)+(0.44±0.04)W
′ (5)
Using this calibration our globular cluster stan-
dard stars (with known VHB magnitudes) have
metallicities that match well with the Harris
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(1996) catalogue (2011 edition). Only K-giants
within the valid calibration range (0 > V −VHB >
−3) were considered for metallicities. We assume
that we have two dominant substructures present
in our observations; the leading arm of Sgr and
the Virgo Over-Density (see §7.1). The Sgr stream
dominates our negative VGSR population, and our
positive kinematic space primarily comprises VOD
and VSS members. As such we have separated
our population at VGSR = 0 km s
−1 into two sam-
ples with assumed VHB magnitudes. Although
this introduces a (known) systemic effect, it is a
required assumption to estimate the metallicity
distribution of each population.
The horizontal branch magnitude assumed for
the VSS/VOD has been ascertained from previ-
ous RR Lyrae studies. As RR Lyrae stars sit
on the horizontal branch, the VHB is taken as
the V-band median of four Prior et al. (2009b)
and three Duffau et al. (2006) VSS members to
yield 〈V 〉 = 17.09. This combined value pre-
cisely matches the mean reported by Duffau et al.
(2006). In our K-giant sample with positive galac-
tocentric velocities, we assume VHB = 17.09 which
implies these stars are at a distance of ∼ 20 kpc.
As the distance to the Sgr debris varies greatly
throughout the halo, the horizontal branch mag-
nitude varies with the position along the stream.
Through CMD comparisons with the Sgr core
(Bellazzini et al. 2006), Belokurov et al. (2006)
determined distances along the two branches of
the Sgr bifurcation. Revised distance measure-
ments by Siegel et al. (2007) (as tabulated in Ta-
ble 1 of LM10) have been crucial in constraining
dark halo models. Our observations lay on the
edge of Branch A (Figure 5).
We have assumed distances to these stars by
interpolating their position along a cubic spline
fitted to published distances (Siegel et al. 2007).
Recent distance measurements of the stream by
Ruhland et al. (2011) match the stream distances
used here within the uncertainties. The horizon-
tal branch magnitude VHB is calculated using this
assumed distance and the known luminosity of
RR Lyrae stars (MV = +0.69; Tsujimoto et al.
1998). Typical VHB magnitude derived for the
Sgr members is 18.7, corresponding to a dis-
tance of ∼ 41 kpc. Reddening is accounted
for using the Schlegel et al. (1998) maps with
Schlafly & Finkbeiner (2011) corrections as de-
scribed in §4. Uncertainties in distance are not
interpolated; they are taken as the largest pub-
lished uncertainty of the closest neighbouring data
points, and this is propagated through to our re-
ported metallicity uncertainties. The kinematics
and metallicities derived for our giant sample are
discussed in the following section.
7. Discussion
7.1. Substructure Identification
A significant kinematic deviation from a canon-
ical halo population signifies a co-moving group.
There are multiple substructures along our line-of-
sight. These features are identified first and dis-
cussed separately. We have represented our galac-
tocentric velocities with a generalised histogram
(Figure 3) to quantitatively compare the observed
stellar kinematics against the hypothesis that the
parent distribution can be described by a canoni-
cal halo where µ = 0 km s−1, and σ = 101.6 km
s−1 (Sirko et al. 2004).
Fig. 3.— Generalised histogram of VGSR for our
178 K-type giants, highlighting the substructure
present. The Gaussian represents the halo con-
tribution; it is normalised such that the integral
equals the number of observed stars excluding
those outside a 2.5-σ excess. Significant (> 3σ)
kinematic deviations from the smooth distribution
are appropriately grouped and labelled.
The generalised histogram represents each data
point with a Gaussian kernel of an equal deviation.
As our internal kinematic errors between multiple
measurements summate to a half-normal distribu-
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Fig. 4.— The observed data for the 178 giant star sample (left panel). Monte-Carlo simulation results
illustrating the number of times simulations could reproduce our observed data in the equivalent multi-
dimensional bin (right panel). Significant features discussed in the text are labelled.
tion with a FWHM of 7.16 km s−1, we have opted
for a sigma value of 10 km s−1 for the generalised
histogram in Figure 3 to avoid under-smoothing.
The most significant (> 3σ) kinematic peaks have
been labeled Features A, B, and C. Features A
and C are our most significant structures, and the
importance of Feature B becomes more evident
through Monte-Carlo simulations.
Velocities and metallicities of our K-giants,
shown in the left panel of Figure 4, were binned
into grid blocks of 15 km s−1 and 0.3 dex – roughly
twice the error in each dimension. To interpret
these data a population of 178 stars was ran-
domly drawn from a simulated halo with canonical
kinematics. Metallicities were randomly assigned
using the observed halo Metallicity Distribution
Function (MDF) of Ryan & Norris (1991). Each
simulated population was binned identically to
our observed sample. Simulation grid blocks with
counts equal to or exceeding stars in the equivalent
observed grid block were noted, and summed after
10,000 simulations. Results from our Monte-Carlo
simulations are illustrated in Figure 4 (right). The
identified Features A, B, and C in our results were
consistently significant when the grid was mid-
point offset in both dimensions, except for the
grid-block centered at ∼ 185 km s−1 and ∼ −1.4
dex, which has consequently been left unlabelled.
Substructure becomes statistically significant
when the observed grid blocks are rarely replicated
in Monte-Carlo simulations. Specifically, the num-
ber of members in Feature A was never reproduced
in some grid bins. This feature is well in excess
of the halo and has a wide spread in kinematics.
Chou et al. (2007) mapped the Sgr debris across
the sky using K/M-giants and found galactocen-
tric velocity signatures between −205 km s−1 to
−31 km s−1 in this region. As such we attribute
this wide, significant kinematic peak as the leading
arm of the Sgr tidal tail. Feature A is discussed
in the next section. Another feature where grid
blocks were never reproduced in our simulations
was Feature C. This feature may also be attributed
to Sgr debris and is discussed further in §7.4.
The clump of stars in the velocity bin centered
on VGSR ≈ 130 km s
−1 and [Fe/H] ≈ −2 was
replicated only ∼ 1% in 10,000 simulations. We
attribute these stars to the Virgo Stellar Stream,
as they are coincident in spatial position, ve-
locity, and metallicity with previously reported
values of the VSS obtained by F turnoff/BHB
stars (Newberg et al. 2007) and RR Lyrae stars
(Prior et al. 2009b). Feature B is discussed in §7.3.
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Fig. 5.— Observed fields are outlined upon a panoramic view of the Sgr stream, to demonstrate our field
locations in context with the Sgr stream. This plot is an adaptation of Figure 2 in Belokurov et al. (2006),
which uses the 2MASS M-giant sample of Majewski et al. (2003).
7.2. Feature A – Sagittarius Debris
Our observed fields are overlaid upon a panoramic
projection of the Sgr stream and the “Field of
Streams” (Belokurov et al. 2006) in Figure 5. This
is a crowded region of globular clusters, substruc-
tures and overlapping stellar streams, primarily
populated by the Sgr Northern leading arm. Sim-
ply from a spatial perspective, we expect the Sgr
debris to dominate our data. Although the VOD
is present, it is much more diffuse.
7.2.1. Comparing Sagittarius Debris to Dark
Matter Halo Models
In order to investigate the spatial coverage and
kinematics of our Sgr members we have compared
our data with the constant flattening spheroidal
models of LJM05, and the more recent tri-axial
model of LM10. The simulated data output from
these models is readily available online3, and the
released models have the best-fitting parameters
for each dark halo shape (prolate, spherical, oblate
and tri-axial). These are the only simulations
available which make use of an all-sky data set; the
2MASS M-giant sample. We have not considered
particles farther than 60 kpc to match realistic ob-
servation limitations. The 105 model Sgr debris
particles from their simulations are represented
along the best-fit great-circle (Λ⊙, B⊙) where the
longitudinal coordinate Λ⊙ is zero in the direction
of the Sgr core and increases along the trailing de-
3http://www.astro.virginia.edu/∼srm4n/Sgr/
bris. For comprehensive details of the simulations
the reader is referred to the papers of Law et al.
(2005) and Law & Majewski (2010).
The Northern leading arm of Sgr is particu-
larly sensitive both kinematically and spatially to
the shape of the Milky Way dark halo (Figure 6).
The spherical, oblate and tri-axial models predict
the Sgr stream to pass directly through our fields,
whereas the prolate model predicts only the edge
of the stream near this region and no particles di-
rectly in our fields. Spatially, the prolate model
predicts the Sgr stream to pass much lower in lat-
itude (B⊙) than our observed fields. When we ex-
tend a rectangle bounded by the edges of our fields
(as per the zoomed insets in Figure 6) a mere two
model particles are found. The 105 model parti-
cles are proportional to the stream density so the
lack of model particles implies a negligible stream
concentration in our observed region. Observa-
tionally, when the number of field configurations
is accounted for our observed Sgr K-giants are uni-
formly distributed across the fields. If this prolate
halo model is a true representation of the Sgr de-
bris, this does not exclude the potential of finding
some Sgr debris in our fields. However, it does
imply that if the LJM05 prolate model is an ac-
curate representation of the dark halo then Sgr
would not be the dominant population – contrary
to our preferred interpretation of the observations.
In comparison, the tri-axial, spherical and
oblate models predict varying amounts of debris
from previous peri-centric passages in our fields.
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Fig. 6.— Our fields and observed bounds are
shown with the simulated particles from multiple
N -body simulations by LJM05 and LM10. These
particles are distance restricted (up to 60 kpc),
and color-coded by their peri-centric passage (yel-
low; most recent passage, red; previous passage,
blue; oldest observable passage).
A kinematic comparison against our observations
is necessary to evaluate model predictions. As the
prolate model has only two simulated particles
within our extended bounds there is no qualita-
tive kinematic comparison to be made for this
model, therefore the prolate model is excluded
from further kinematic analysis.
The number of predicted particles observable
differs between models. Consequently, the kine-
matics for each model have been represented as
a generalised histogram (Figure 7). For consis-
tency all simulation output and observed data has
been convolved with a Gaussian kernel of 10 km
s−1; the sigma used for the previous generalised
histogram in Figure 3. Predicted distances and
peri-centric ages are shown, demonstrating that
debris from multiple passages are predicted along
the line-of-sight. A much tighter velocity sequence
is predicted by the tri-axial model than the con-
stant flattening models. This is because the tri-
axial model predicts a peri-center almost precisely
in our observable region, whereas the spherical and
oblate models predict a large wrap along the line-
of-sight, resulting in a wide spread of distances
and velocities.
Predicted distances are consistent with what we
would expect from our observations. The median
luminosities of our giants is g ∼ 17.5, so for the tri-
axial model particles at 45 kpc this corresponds to
an absolute magnitude of Mg ∼ −0.8; quite rea-
sonable for a K-giant. Similarly for the spherical
and oblate models, typical distances of ∼ 25 kpc
will yield luminosities of Mg ∼ +0.5 which is also
reasonable.
The spherical and oblate models also predict
close-by debris with extremely negative galacto-
centric velocities. This signature is not repre-
sented in our data. The lowest observed velocity is
∼ −250 km s−1 and we have only two observations
less than VGSR < −200 km s
−1. In contrast, the
spherical/oblate models predict velocities well be-
low VGSR < −300 km s
−1. These predicted highly
negative velocities were also not found in Sgr RR
Lyrae observations taken by Prior et al. (2009a).
If the dark matter potential is well-represented by
either an oblate or spherical halo, then this dis-
crepancy must be reconciled.
The oblate and spherical model also illustrate
a similar signature at r⊙ ∼12 kpc, with particle
velocities ranging between −100 < VGSR < 0 km
s−1. This is the edge of a predicted crossing-point
between different wraps of the stream, which oc-
curs at ∼ 12 kpc. These particles (and the positive
kinematic signature around ∼20 kpc in the oblate
model), are relatively minor signatures when com-
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Fig. 7.— A generalised histogram (left) of the galactocentric rest frame velocities in our sample (dotted
line) compared to the velocities (solid line) from the N -body models of LJM05, LM10 of particles within the
same spatial coverage and distance range (up to r⊙ ∼ 60 kpc) of our observed sample. Heliocentric distances
for particles used to generate each velocity histogram are shown on the right. Particles are marked by their
peri-centric passage. A plus (+) denotes debris from the current peri-centric passage by Sgr, circles (◦) mark
the previous passage, and squares () represent debris from two previous passages. The prolate model from
LJM05 is not considered in this plot (see text).
pared to the Northern arm feature. If these sig-
natures are present in our observed fields, their
relatively low density compared to the Northern
arm feature would prevent them from appearing
as significant.
Although the predicted velocity distribution is
narrower than what we observe, the LM10 tri-
axial dark halo model best fits our observations.
The observed sample broadens most prominently
towards more negative galactocentric velocities
at ∼ −200 km s−1, considerably higher than
oblate/spherical model predictions. Halo contam-
ination at highly negative velocities is likely to
be small. One reconciliation for this discrepancy
between our observations and the tri-axial model
may lie in the workings of the tri-axial model it-
self. Unlike other models considered, the tri-axial
model does not reproduce the observed bifurca-
tion in the Sgr stream (Belokurov et al. 2006). Al-
though observationally untested, it is reasonable
to suggest a bifurcation may result from a signif-
icant kinematic disruption. Such an effect could
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result in a broader kinematic distribution – similar
to what we have observed – which is most notable
at the stream edges.
There is further work required through obser-
vations and simulations to reconcile kinematic dis-
crepancies. Typical examinations of the leading
arm debris usually favour prolate halos and ev-
idence along the trailing arm typically favours
oblate halos (Helmi 2004; Mart´ınez-Delgado et al.
2004; Law et al. 2005). Kinematic predictions of
the LM10 tri-axial model reasonably match our
observations, whereas the prolate model has been
excluded as significant debris is not predicted in
this edge of the stream. These observations along
the Northern leading arm are the first which are
not reproducible with the current prolate model
of LJM05, contrary to previous groups who have
surveyed closer to the leading arm debris.
7.2.2. A Metal-Poor Population Uncovered in
Sagittarius Debris
Many groups have found the population of
the Sgr core to possess a mean [Fe/H] ∼ −0.5
dex (Cacciari et al. 2002; Bonifacio et al. 2004;
Monaco et al. 2005). The observed metallicity
gradient along the stream suggests that as the host
circles the Milky Way the older, more metal-poor
stars are preferentially stripped from the progen-
itor (Chou et al. 2007; Keller et al. 2010). In this
region of the stream very few Sgr member metalli-
cies have been reported. Vivas et al. (2005) found
a mean metallicity of 〈[Fe/H]〉 = −1.77 from spec-
tra of 16 RR Lyrae stars along a nearby region of
the Sgr leading arm. Similarly, Prior et al. (2009a)
found 〈[Fe/H]〉 = −1.79± 0.08 for 21 type ab RR
Lyrae stars in the region. This is somewhat ex-
pected since only the oldest, most metal-poor stars
can form RR Lyraes.
Investigating the MDF of the Sgr debris re-
quires an unbiased sample. Generally K-giants
are excellent stellar candidates for such investi-
gations as all stars go through this evolutionary
phase whereas M-giants are consistently metal-
rich. If we apply the metallicity gradient found
by Keller et al. (2010, from M-giants) to these ob-
served K-giants, we would expect an abundance
mean near ∼ − 1.2 dex in this observed region.
The metallicity distribution for our entire nega-
tive VGSR sample is shown in Figure 8, and il-
lustrates a metal-poor population. The mean of
our distribution is 〈[Fe/H]〉 = −1.7 ± 0.3 dex. If
we include only the stars attributed to Feature
A (as defined by the shaded region in Figure 3,
between −140 < Vgsr < −30 km s
−1) this value
increases by only 0.04 dex; well within observa-
tional uncertainties. As a comparison, in a sam-
ple of metal-rich biased M-giants from the 2MASS
data Chou et al. (2007) found a mean metallicity
of 〈[Fe/H]〉 = −0.72 dex for their best subsam-
ple in the Northern leading arm of Sgr. Although
there may be some halo contamination in our sam-
ple, in general our more metal-poor Feature A
members have higher negative velocities, which is
expected for Sgr stream members in this region.
Fig. 8.— Metallicity histograms for K-giant mem-
bers in our negative galactocentric velocity sam-
ple, which is largely populated by Sgr debris from
the Northern leading arm.
It is likely that our observed K-giant sample is
biased towards more metal-poor members. Given
a typical distance of r⊙ ∼ 40 kpc for the Sgr de-
bris in this region (Belokurov et al. 2006), a 12
Gyr old Dartmouth (Dotter et al. 2008) isochrone
with a metallicity of [Fe/H] = −1.5 falls directly
within our target selection window. The more
metal-rich isochrone with [Fe/H] = −0.5 does not
pass through our selection range. This is consis-
tent with our observed metallicities for Sgr. Al-
though this does not prohibit the possibility of
more metal-rich members within our sample, it
implies that our distribution is biased towards the
metal-poor end of the MDF. The tail of our Sgr
distribution extends from −0.71 to −2.35 dex.
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7.3. Feature B – The Virgo Stellar Stream
Another substructure which was distinguished
from the general over-density of the VOD is the
Virgo Stellar Stream (Duffau et al. 2006). Sev-
eral RR Lyrae stars were noted with a common
velocity of VGSR = 130 km s
−1 (Newberg et al.
2007; Prior et al. 2009b). Prior et al. (2009b) also
measured metallicities of stars with this kinematic
signature and found a mean [Fe/H] = −1.95 ±
0.1 for the VSS, although this is based on RR
Lyrae stars and therefore is potentially biased to
the oldest, most metal-poor populations. The
RR Lyrae sample from Duffau et al. (2006) found
a 〈[Fe/H]〉 = −1.86 with a much larger abun-
dance spread of σ = 0.40, which was several
times the relative uncertainty in individual val-
ues (σ[Fe/H] = 0.08 dex). This led Duffau et al.
(2006) to infer the progenitor of the VSS was likely
a dSph galaxy, as a large dispersion in [m/H]
indicates self-enrichment and implies the struc-
ture is a galaxy and not an isolated stellar clus-
ter. Although some globular clusters are also now
known to contain multiple populations and size-
able [m/H] dispersions, globular clusters in gen-
eral have a much smaller dispersion than that ob-
served here. Similar to Duffau et al. (2006), we
also observe an abundance spread within this kine-
matic bin including two K-giants with mean kine-
matics and metallicities (〈VGSR〉 = 130 ± 9 km
s−1, 〈[Fe/H]〉 = −2.0±0.16) matching those found
by Prior et al. (2009b). Monte-Carlo simulations
reproduced these targets a mere ∼ 1% in 10,000
simulations – highlighting their significance.
High resolution follow-up spectroscopy on these
targets and other VSS candidates at higher metal-
licities in this kinematic range will provide crucial
information about the origin of the VSS. Investi-
gating [α/Fe] ratios in these candidates can con-
strain the mass of the VSS progenitor and discern
whether the host was indeed a dSph (Venn et al.
2004; Casetti-Dinescu et al. 2009). Future obser-
vations are planned.
7.4. Feature C – Sagittarius debris?
The last significant kinematic substructure we
identify in our data is Feature C. There are two
peaks identified here at VGSR = 200 and 240 km
s−1. These features cannot be explained by a
smooth halo distribution. Newberg et al. (2007)
identified a 4-σ peak at VGSR = 200 km s
−1
in their sample of F turnoff stars centered on
(l, b) = (288◦, 62◦). Our nearest field to their
plate (Field B) hosts only one star associated with
this peak; most of our stars are located within our
most populated Field D. Prior et al. (2009a) also
noted stars in this kinematic range and compiled
a list of authors who have similarly observed such
peaks (see Sirko et al. (2004); Duffau et al. (2006);
Starkenburg et al. (2009)). Prior et al. (2009a)
argue these stars may be associated with trail-
ing debris of Sgr, as suggested by models (LJM05,
LM10). Although this trailing debris would be
much closer than the nearby visible leading arm,
our observations support the interpretation by
Prior et al. (2009a) as the metallicities are quite
similar to the nearby Sgr debris.
This substructure has a range of metallicities.
These metallicities were derived assuming a single
distance modulus to the VOD/VSS. The abun-
dance dispersion we observe is either represen-
tative, or these stars have a common metallicity
and are dispersed along the line-of-sight. Unfor-
tunately neither can be positively excluded with-
out further observations. If these peaks are as-
sociated with the trailing debris of Sgr debris,
they are likely to be further away than the VOD.
On our scale that would make these stars more
metal-rich than shown in Figure 4. However, the
nearest trailing debris particles predicted from any
best-fitting dark halo potential that could explain
this kinematic peak occur at ∼ Λ⊙ = 310
◦; our
observations range in longitude between Λ⊙ =
256− 273◦. Whether this substructure is separate
from Sgr debris or not remains equivocal. Never-
theless, the apparent metallicities of the Feature C
stars are not inconsistent with those of a Sgr pop-
ulation given our results for Feature A and those
of Keller et al. (2010).
8. Carbon Stars
In our sample we have identified five carbon
stars. Our colour selection to select K-giants over-
laps with where we would expect to find carbon
stars. Although these stars were not specifically
targeted, their surface densities are so low (≈ 1 per
50 deg2; Green et al. 1994) that we would not ex-
pect them as a substantial contaminant. Although
our sky coverage is small (∼12.5 deg2), the ob-
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served carbon star spatial density is ∼ 20x higher
than expected. All five carbon stars are recognis-
able by the presence of distinctive 4737- and 5165
A˚ Swan C2 bands.
Fig. 9.— Sloan u – g and g – r colors for our car-
bon stars, and the identified carbon stars and clas-
sifications by Downes et al. (2004). Carbon stars
identified in this work have been shaded for clarity.
Dwarf carbon stars exhibit a spectral signature
which mimics that of a typical CH-type giant car-
bon star, however they have anomalous JHK col-
ors (Green et al. 1992) and high proper motions.
The existence of the 4300 A˚ CH G-band is repre-
sentative of a CH-type carbon star, and is found
in all five of our carbon stars. SDSS photometry
for our stars match well with the F/G-type CH
carbon stars identified by Downes et al. (2004), as
seen in Figure 9. However these targets were not
spectroscopically observed in the SDSS follow-up
survey SEGUE. Through comparisons with previ-
ous carbon-type star catalogues (Totten & Irwin
1998; Downes et al. 2004; Goswami et al. 2010),
the stars tabulated in Table 2 are previously un-
classified carbon stars. This is largely because our
objects are too faint to have been observed by pre-
vious spectroscopic carbon star surveys.
There is 2MASS photometry available for
four of these stars. Of those, two stars (SDSS
J125410.80-032744.0 and J125416.52-031437.6)
exhibit anomalous JHK colors and significant
(> 3σ) proper motions (PPMXL Roeser et al.
2010); characteristics of a dwarf carbon star. A
third star also exhibits significant proper motion
(SDSS J121740.94-001839.5), however JHK pho-
tometry is unavailable. The two remaining stars
in our sample have JHK photometry character-
istic of the F/G type CH carbon stars found by
Downes et al. (2004) in their Faint High-Latitude
Carbon (FHLC) star survey (Figure 9), and do not
exhibit significant proper motion - which strongly
suggests they are not dwarfs (Green et al. 1994;
Deutsch 1994).
9. Conclusions
We present spectroscopic observations of K-
type stars in a region of the ’Field of Streams’,
where significant substructure is present. We
utilise the gravity-sensitiveMg I triplet to separate
giants and dwarfs. Radial velocities and metallic-
ities of 178 K-giants have been determined. We
have recovered kinematic substructure found by
other authors, which cannot be explained by a
smooth halo distribution. Highly negative veloc-
ity signatures match those expected by the Sgr
stream debris, and we also identify a group of
K-giants with metallicities and kinematics which
make them highly probable members of the Virgo
Stellar Stream.
Stars in this region of the Sgr stream are kine-
matically sensitive to the shape of the Galactic
dark halo. As such, we have compared our veloc-
ity distribution to the Sgr-Milky Way dark mat-
ter models of Law et al. (2005); Law & Majewski
(2010). Typically, leading arm debris favour pro-
late models and trailing arm debris favour oblate
models. A prolate dark halo predicts relatively
little debris in our observed fields. If the spheroid
is prolate and LJM05 presents an accurate rep-
resentation, Sgr debris would not be expected to
dominate our sample even if we were ∆B⊙ ∼ 10
◦
closer to the great circle best-fit. However, Sgr
debris is our most significant kinematic structure
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Table 2
Properties of carbon stars found in our sample
SDSS Name J+a Mg u-g g-r r-i i-z H-K J-H µα cos δ
c µδ
c VGSR Likely
(mas yr−1) (mas yr−1) (km s−1) dwarf?
121740.94-001839.5 18.66 1.10 0.54 0.16 0.05 ...b ...b −3.0± 5.4 −18.0± 5.4 − 71± 34 Yes
121853.18-004628.4 17.71 1.67 0.73 0.22 0.11 0.24 0.36 −3.7± 4.5 −0.5± 4.5 +176± 9 -
122053.71-011709.5 17.65 1.79 0.80 0.26 0.13 0.16 0.56 −7.3± 4.3 −3.9± 4.3 + 31± 11 -
125410.80-032744.0 18.59 1.43 0.64 0.22 0.05 0.56 0.32 −21.1± 5.0 −7.7± 5.0 − 41± 9 Yes
125416.52-031437.6 16.85 1.72 0.73 0.25 0.11 -0.11 0.50 −19.8± 4.2 8.7± 4.2 + 15± 4 Yes
aTo keep with convention, positional information has been truncated. Full information available through the SDSS archive.
bNo JHK photometry is available for this object as it is fainter than the 2MASS survey limit.
cProper motions taken from the PPMXL Catalog (Roeser et al. 2010).
observed. No single model perfectly represents our
data, although we find the more recent tri-axial
model (LM10) best represents our observed kine-
matics.
Observed metallicities for K-giants in this re-
gion of the Sgr stream are notably lower than ex-
pected based on other Sgr samples, demonstrat-
ing the presence of a metal-poor population in the
Sgr debris. Although isochrones indicate we are
biased towards metal-poor members at these dis-
tances, these stars are unequivocally Sgr in origin.
Metallicity gradients reported, suggest a mean of
〈[Fe/H]〉 ∼ − 1.2, whereas our population has
〈[Fe/H]〉 = −1.7 ± 0.3 dex. Previously reported
abundances in this region have been ascertained
from observing RR Lyrae stars (where the mean
metallicity found was 〈[Fe/H]〉 ∼ − 1.7 dex) or
from observing M-giants (where 〈[Fe/H]〉 ∼ − 0.7
dex was reported). In both scenarios the measure-
ments are reasonable with what we would expect
from each particular stellar population. Thus the
sample presented here is more representative of
the complete MDF, and less susceptible to age or
metallicity biases. These observations also demon-
strate that the Sgr stream likely hosts a sub-
stantially larger abundance range than previously
found, including a previously un-detected metal-
poor population of K-giants.
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